The effects of ausforming on variant selection of martensite in Cr-Mo steel were investigated. The non-ausformed martensite and martensite ausformed at 850°C and 750°C were analyzed. Blocks were elongated in a single direction in the non-ausformed martensite specimens, however, blocks were elongated in multiple directions in ausformed martensite specimens. EBSD analyses indicated that non-ausformed martensite specimens contained only a single packet in a single γ, but that ausformed martensite specimens contained four packets in a single γ. The sizes of the blocks and packets decreased with ausforming. In situ observations revealed that blocks were formed only from γ grain boundaries in non-ausformed martensite specimens. In contrast, in the ausformed γ grains, sub-grain boundaries were observed, and martensite blocks were formed from grain boundaries as well as sub-grain boundaries. The blocks were not developed parallel to the slip band. The elongation of the blocks was stopped at sub-grain boundaries; as a result, packet size was considered to be smaller.
Introduction
The strength and toughness of bainitic and martensitic steels depend on the morphologies of their blocks and packets 1, 2) . High angle boundaries, which form in bainite or martensite structures, can be considered to suppress the cleavage fracture and stop the propagation of brittle cracks 3) .
The properties of an ausformed martensite include high strength and toughness, which are attributable to the small block and packet sizes, and to the presence of high angle boundaries 4) .
Sub-grain boundaries formed by deformation are considered to act as nucleation sites 5) .
The morphologies of martensite have been studied using optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) 6) . In recent years, electron backscattered diffraction (EBSD) measurements has been widely used to observe the crystallographic features of bainite and martensite [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
However, these studies were performed at ambient temperature after the transformation was complete. Therefore, the in situ observation of microstructural development is important for understanding the formation of blocks, packets, and variants.
In this study, non-ausformed and ausformed martensite specimens were prepared, and the transformation phenomenon was observed in situ using high-temperature laser scanning confocal microscopy (LSCM) on an instrument equipped with a tension unit. Furthermore, not only the morphologies of both blocks and packets but also the restriction of variant selection by ausforming were analyzed using EBSD measurements.
Experimental procedure
In this study, Fe-0.14C-2.14Cr-0.86Mo (mass%) steel was machined into the tensile test specimens show in Fig. 1 . For the observation of the γ → α transformation, high-temperature LSCM on an indstrument equipped with a tension unit was used. Figure   2 shows a schematic illustration of the test machine. This specimen was austenized at 1200°C for 0.3 ks in a furnace filled with an Ar atmosphere. Subsequently, the specimen was tensile deformed to a strain of 20% at 850°C and 750°C. After the stress was removed, the sample was cooled to an ambient temperature under flowing He gas. During the cooling process, the γ → α transformations were observed via LSCM. The crystal orientation of both the non-ausformed and ausformed martensite were subsequently measured using EBSD. plastic strain to adjacent . This mechanism is known as the plastic accommodation mechanism. In case of the non-ausformed specimen, the mechanism was considered to be dominant.
Block size and packet size
However, in the case of the ausformed specimen, the mechanism was less prevalent because γ is hardened through deformation.
Therefore, we assumed that the strain was reduced by the formation of another variant that differs from the direction of the strain. This mechanism is known as the self-accommodation mechanism. The blocks become finer when self-accommodation is dominant. The difference in of block size between the sample ausformed at 850°C and that of ausformed at 750°C is due to the hardness of γ, because the γ becomes harder at lower temperatures. Therefore, self-accommodation during the ausforming at 750°C was more effective than that during the ausforming at 850°C. The difference in packet sizes between the non-ausformed and ausformed samples is described in section 3.5. Figure 6 shows the continuous images collected during in situ observation. In the non-ausformed specimen ( Fig. 6 (a) Figure 7 shows the pole figure and image quality (IQ) map of martensite ausformed at 850°C. Miyamoto et al. 17) have reported that the fraction of the variants that belong to CP1 and CP3 increase with increasing ausforming strain because the habit plane is nearly parallel to the primary and secondary slip planes.
In situ observations

The effect of ausforming on variant selection
The fraction of CP1 and CP3 was examined in this study. The CP1 and CP3 areas are mapped by red and yellow, respectively.
The black line in the IQ map in Fig. 7 (b) represents the high-angle boundary (θ > 15°). The angle between the <111> γ direction of CP1 and the tensile axis was 65.97°, and the angle between the <111> γ direction of CP3 and the tensile axis is 70.97°.
In addition, the fractions of CP1 and CP3 were 29.5% and 24.1%, respectively. Therefore, prior γ was not constrained by 20%
ausformation. We hypothesize that sub-grain boundaries formed by ausforming caused the diversity of variant selections. Figure 8 shows LSCM images of ausformed martensite. The red dashed line in Fig. 8 (a) is the area divided by the sub-grain boundaries. The γ 1 area in Fig. 8 (a) consists of three packets (indicated by blue, green, and yellow area in Fig. 8 (b) ). We surmised that the packet size depends on the prior γ grain size, as previously reported by Kitahara et al. 13 ) .
In situ observations of the formation process of packets
Ausformed martensite transformation
From the above mentioned results, the transformation mechanisms in non-ausformed and ausformed martensite are considered to be shown in Fig. 9 . In the case of non-ausformed martensite, some packets are formed in large γ grains. Plastic accommodation is more effective than self-accommodation with respect to the accommodation of transformation strain; as a result, the block size becomes coarser. In the case of ausformed martensite, however, sub-grain boundaries are formed by deformation in γ grains. Some packets are formed in each area divided by sub-grain boundaries; as a result, the packet size becomes finer. Therefore, self accommodation is more effective than plastic accommodation because grain is hardened by deformation; as a result, the block size becomes finer. 
Conclusions
The effects of ausforming in Cr-Mo steel were examined with non-ausformed and ausformed martensite specimens from the viewpoint of crystallography and morphology via EBSD and LSCM investigations.
The sizes of blocks and packets were decreased by ausforming.
Blocks were developed from γ grain boundaries in non-ausformed martensite, whereas blocks were developed from both γ grain boundaries and sub-grain boundaries in ausformed martensite. We confirmed using in situ observations that block development is suppressed in sub-grain boundaries and that blocks did not develop parallel to the slip band in martensite ausformed by 20%.
The γ grain deformed by 20% contained some sub-grain boundaries. The small packets in ausformed martensite are considered to be caused by suppression of packet development at sub-grain boundaries. Fig. 8 The morphology of (a) deformed γ and (b) packets in γ1 in (a). Fig. 9 Schematic illustration of formation process of non-ausformed and ausoformed martensite transformation.
